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OBJECTIVES 


s 


i 

i 


Analyze  the  performance  ofliorizontal  disc  random  arrays  of  16  omnidirectional, 
cardioid,  or  iso-op t  hypercardioid  elements  in  vertically  directive  and  isotropic  ambient  sea 
noise.  Assume  that  t he  arrays  are  formed  by  a  (constrained)  random  selection  of  element 
locations  but  that  they  are  operated  over  a  wide  frequency  range  for  which  the  mean  inter¬ 
element  spacing  ranges  front  very  small  to  very  large  (thinned).  Analyze  array  noise  gains 
and  directional  responses  for  these  horizontal  disc  random  arrays.  Consider  array  sizes  over 
a  twelvefold  range,  all  of  the  same  shape.  Determine  the  array  performance  at  frequencies 
sufficiently  low  so  that  the  mean  interelement  spacing  is  small  and  the  gain  is  significantly 
less  than  1  0  log]  q  (  N). 


RESULTS 

1 .  The  use  of  lima  yon  directional  hydrophones  in  arrays  operated  at  frequencies  tor 
which  the  mean  interelement  spacing  exceeds  one  wavelength  or  is  less  than  0  1  \  yields 
3-6  dB  greater  array  gain  than  is  provided  In  arrays  with  omnidirectional  elements 

2.  Arrays  with  directional  elements  have  nearly  maximum  gam  with  average  inter¬ 
element  spacings  of  about  one  wavelength  it'  the  design  troquency  (fj))  is  300  Hz.  but  five- 
wavelength  spacing  is  required  if  f|)  is  25  Hz. 

3.  Compared  to  a  single  directional  element  alone,  an  array  of  I  6  iso-opl  hypercar¬ 
dioid  elements  provides  a  few  dB  less  improvement  in  gain  than  an  array  of  omnidirectional 
elements. 

4.  The  horizontal  disc  array  lias  nearly  constant  gain  with  azimuth  even  with  sub¬ 
stantial  asymmetry  of  element  locations. 

5.  Beam  widths  ol  random  disc  arrays  in  both  horizontal  and  vertical  planes  approxi¬ 
mate  those  of  a  solid  horizontal  disc  The  vertical  beam  width  is  much  greater  than  the 
horizontal  beam  width  loi  the  edge-fire  disc.  Large  disc  arrays  such  as  those  w  it h  a  design 
frequency  of  50  Hz  have  a  significant  negative  signal  gain  for  signals  arriving  at  angles  ty  pical 
of  many  realistic  environmental  conditions.  Their  gain  can  be  boosted  by  the  use  of  vertical 
steering. 

6.  The  directivity  patterns  have  relatively  high  average  sidelohe  levels  about  -I  2 
JB  but  this  is  to  be  expected  for  random  arrays  with  I  6  elements. 


RECOMMENDATIONS 

1.  Consider  the  horizontal  disc  array  ,  including  the  random  form  discussed,  for  pos¬ 
sible  applications. 

2.  Investigate  lobe  suppression  with  regular  finite  disc  arrays. 

3.  Investigate  ocean  engineering  ('I  both  regular  and  random  discs. 
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BACKGROUND 


In  the  study  of  passive  sonar  system  performance  and  the  potential  extension 
thereof,  it  was  desired  to  determine  how  much  improvement  could  he  achieved  by  the  use 
of  horizontal  arrays.  The  baseline  system  is  a  single  element  containing  two  hydrophones  - 
one  omnidirectional,  the  other  a  directional  receiver.  Both  types  of  hydrophones  are  candi¬ 
date  elements  lor  the  arrays.  NOSC  TN  728  (ref  I )  reported  the  noise  gains  and  directional 
responses  of  single  optimal  iso-opt  hypercardioid.  cardioid,  and  omnidirectional  hydro¬ 
phones  in  vertically  directive  noise  (ref  2l  and  in  isotropic  noise.  A  recent  paper  (ref  3  I 
describes  small  directional  hydrophones  in  a  brie  I  nonmathematieal  style. 

This  paper  provides  performance  analyses  of  horizontal  disc  random  arrays  of  16 
such  elements.  An  extensive  review  of  array  technology,  including  much  random  array 
theory,  was  published  by  Steinberg  (ref  4).  He  indicates  that  random  arrays  arc  perforce 
thinned*  and  provides  the  theory,  a  historical  account,  and  references  pertaining  to  the 
development  thereof.  Of  course,  no  random  array  is  thinned  at  arbitrarily  low  freuueneies: 
but  the  theory  can  be  tractably  generalized  at  those  higher  frequencies  for  which  the  thinned 
condition  prevails.  F.ven  underwater  sound  applications  have  been  devoted  almost  exclu¬ 
sively  to  thinned  random  arrays  In  this  report  the  arrays  are  formed  by  a  (constrained) 
random  selection  of  element  locations  but  are  operated  over  a  wide  frequency  range  for 
which  the  mean  inierelement  spacing  ranges  from  very  small  (not  thinned)  to  very  large 
(thinned).  This  is  one  of  the  ways  in  winch  this  work  is  new.  Ii  provides  analyses  of  array 
noise  gains  and  directional  responses  for  these  horizontal  disc  random  array  s.  Arrays  with 
sizes  over  a  twelvefold  nmge.  all  ot  the  same  shape,  are  considered.  One  objective  is  to 
determine  the  array  performance  at  frequencies  low  enough  that  the  mean  interelement 
spacing  is  small  and  the  gain  is  significantly  less  than  10  log|o  <N).  where  N  is  the  number 
of  elements. 

Prior  work  of  the  author  considered  the  performance  (especially  array  gam)  of  one-, 
two-,  and  three-dimensional  arrays,  including  the  effects  of  directional  hydrophones  ( i ef  x-- t. 

1.  NO  SC  TN  "2S.Opiim.il  Gains  lor  Horizontal  Directional  Hydrophones  in  a  Vertically  DitCvltve  Noi»e 
Field,  by  GP.  Marlin.  23  July  1  O'o  \OS(  I  Ns  are  informal  couinienis  intended  chiefly  tor  internal  use. 

2.  MC  Report  01 1.  Acoustic  l.nviron  menial  Scenarios  an  a  Predictions  I  or  ANXX  .  October  1**72.  vol  2-15. 
Long  Range  Acoustic  Propagation  Project.  Ocean  Science  Program,  Maury  Ceniei  lor  Ocean  Science, 
Department  ol  the  Navy . 

3.  Small- Xpert  lire  Directional  Hydrophones.  by  Gl)  Robertson:  IP.  I T  Publication  ~.x(  |j  1754-t  APS. 

F.ASl  ON  ’?»  Record.  IP. PL.  25-27  September  I  o",s.  p  2“X-2X  I 

4.  Principles  ol  Apen  urc  and  An  ay  System  Design .  by  HI)  Steinberg.  John  Wiley  &  Sons.  NY.  !**'(>. 

P  I  3'*-]. so. 

5.  Array  Gain  Variations  Due  m  None  Anisotropy  .  by  GL  Marlin;  II  I  1  Publicalion  75  ( "I It)  0*18-5 .  1PP.P 
GASCON  1075  Record.  Sepientb-ei -October  l'»-5.  p  t*"A-(*7J. 

b.  Gain  ol  Gv  linJrica!  A  nays  in  Ainv'lroprc  Sea  Noise.  Py  (rl  Martin,  paper  I  ’.NTnlh  lislernalii'n.il  ('on- 
press  on  Acoustics.  Madrid .  July  1 0"~. 

I (nderwatei  Array  Design  as  Influenced  In  Had. ground  Noise  and  Propagation  piled,.  by  GL  Martin. 
Proceedings  ol  Gun lercnce  on  Sr  unJ  Propagation  and  Underwater  Systems.  (British)  Irislrluie  ol  Aeons- 
t  ics.  Underwater  A cousl  its  Group.  Imperial  College.  London ,  I  L)  April  I  o's. 

*Sle  in  here  ( re  I  4.  p  I  40)  severely  limits  r.in.loni  a:  rays  as  lollow  s  "I  lie  random  arias  i>  oi,e  !.>rnt  o 
aperiodic  array  .  Il  is  a  thinned  array  line. nr  iiuereleiue.’H  spacing  gieatei  than  V  2 1  .in el  Iheietore  is  less 
cost ly  in  components  i lien  a  con veiilion.il  pinned  .may. 
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Those  studies  used  vertically  directive  noise  (ref  2),  but  for  a  different  set  of  ocean  environ¬ 
mental  parameters.  For  well-sampled  horizontally  planar  arrays,  greater  improvement  of 
gain  was  achieved  with  the  plane’s  elements  configured  as  upward-null  cardioid  hydrophones 
than  for  relatively  thin  (T  <  2X)  volumetric  configurations  (ref  5)  It  was  also  demonstrated 
that  array  gain  varies  significantly  with  the  noise  model;  thus  the  best  available  model  should 
be  used  for  system  analyses.  This  is  generally  not  critical  for  arrays  that  are  undeisampled, 
such  as  large  random  arrays  that  contain  relatively  few  elements.  Although  that  prior  work 
provides  useful  general  information,  specific  results  are  needed  for  random  arrays  with  sev¬ 
eral  types  of  hydrophone  directionalities. 

Both  in  this  report  and  the  prior  work,  we  neglect  all  noise  other  than  ambient  sea 
noise.  The  noise  of  the  hydrophone  due  to  flow  and  (vertical)  motion  can  be  significant  - 
especially  so  for  gradient-type  hydrophones  (ref  8) 

COORDINATE  SYSTEM 

Figure  1  shows  the  usual  spherical  coordinate  system  (ref  9)  that  we  will  use,  where 

x  =  R  sin  0  cos  0 
y  =  R  sin  0  sin  0 
z  =  R  cos  0. 


; _ t _ ^ 


figure  1.  Spherical  coordinate  system. 


GENERAL  CHARACTER  OF  SEA  NOISE 


The  environmental  noise  levels  typical  of  ocean  areas  (ref  10)  are  shown  in  figure  2 
for  the  low-  to  medium-frequency  region.  The  low  frequencies  arc  dominated  by  shipping 

8.  Measurements  of  Low-Velocity  flow  Noise  on  Pressure  and  Pressure  Gradient  Hydrophones,  by  RA 
Finger,  LA  Abbagnaro,  and  BB  Bauer;  J  Acousl  Soc  Am,  vol  65,  June  1979,  p  1407-1412. 

9.  M'-'hods  of  Theoretical  Physics,  by  PM  Morse  and  H  Feshbacb,  vol  1,  p  658,  McGraw-Hill  Book  Co, 

‘  v  1958. 

1 0.  .1c cliaiiics  of  Underwater  Noise,  by  D  Ross;  Perga mon  Press.  NY,  1 976,  p  7 1 , 281 . 
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The  frequency  dependence  of  noise  evident  in  figure  2  reveals  a  elumge  in  the  domi¬ 
nant  noise  mechanism  above  about  200  H/.:  the  actual  crossover  frequency  depends  some¬ 
what  upon  the  relative  levels  due  to  shipping  and  surface  wind  System  performance  gener¬ 
ally  is  better  above  this  frequency  because  the  noise  levels  arc  lower.  Since  noise  is  an 
important  factor  in  the  consideration  ot  system  performance,  it  was  considered  vital  in  this 
generalized  study  to  use  a  wide  range  ol  Ireipeeneics  up  to  ('00  Hz 

The  character  of  the  noise  model  is  that  of  a  tune-invariant  ocean  in  which  ships 
radiate  noise  uniformly,  lucre  are  no  nearby  slip's  that  otherwise  would  dominate  the  noise 
field. 

AMBIENT  SEA  NOISE 

This  study  relates  primarily  to  diteelionai  ambient  sea  noise  that  has  vertical  (d) 
dependence  but  no  horizontal  (<?)  dependence.  1  he  sea  muse  intensity  per  unit  solid  angle 
tsleradiar, )  is  considered  to  he  uniform  in  all  horizontal  planes  and  is  given  by  the  relationship 


n(d,  0)  =  n(d  )• 

Such  noise  field  data  are  used  for  passive  sonar  system  performance  studies  (ref  1 , 4,  5.  0) 
and  other  undersea  environmental  resources  such  as  the  Long  Range  Acoustic  Propagation 
Project  (  LRAPP)  (ref  2).  Also  of  this  vertically  directive  nature  are  some  wind  noise  forms 
such  as  the  idealized  surface  dipole  model. 

The  entire  study  was  devoted  to  one  ocean  area.  The  sound  speed  profile  is  shown 
in  figure  3.  The  water  has  a  depth  of  3000  metres  (9843  feet).  This  study  was  limited  to  a 
source  depth  of  60  feet  and  a  receiver  depth  of  9793  feet,  50  feet  above  the  bottom.  The 
noise  data  lor  these  conditions  are  listed  in  table  1  and  are  graphically  displayed  in  figure  4. 

DIRECTIONAL  HYDROPHONE  ARRAY-ELEMENT  RESPONSES 


Since  the  various  candidate  hydrophone  elements  are  discussed  in  detail  in  ret  I .  a 
mere  brief  summary  is  appropriate  here.  The  omnidirectional  and  gradient  hydrophones  all 
possess  a  directional  response  of  the  limayon  form  of  Pascal 

P  =  aTb  +  aTb 

where  oj-j  is  the  effective  steering  angle  of  the  hydrophone  in  the  horizontal  plane  and 


Source  Depth  =  60  feet  ( 18.3  ml 
Receiver  Depth  -  9793  feet  (  2985  ml 
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ARRAY  DESIGN 


Consider  a  set  of  arrays  of  various  sizes  but  of  proportional  dimensions.  It 
is  useful  to  define  the  design  frequency,  fp,  such  that  the  mean  interelement  spacing 
is  one  wavelength: 

rra-  -  N(\p)“  =  N(c/fp)2, 

where 

N  =  number  of  array  elements 
a  =  radius  of  the  disc 
c  =  speed  of  sound. 

If  we  assume 

N  =  1  6  and  c  =  5000  feet  per  second, 

then 


1  1  284 


The  element  locations  were  determined  on  the  basis  of  such  a  radius.  Let  u(t)  he  a  random 
variable  with  values  uniformly  distributed  over  the  range 

0<u(t)<  1 

for  a  domain  of  t  of  all  positive  integers.  Then  let 

x(G)  =  2u(l)  -  a 
y(G)  =  2u(t  +  1  >  -  a, 

such  that 

lr(G)l:=  [x(G)|:  +  [y(G)l:<(a):. 

That  is,  we  reject  all  output  pairs  that  would  produce  (x,y)  pairs  outside  a  circle  of  radius  a. 
Our  first  56  such  valid  locations  are  shown  in  figure  6.  The  first  16  locations  are  noted  with 
a  circle;  the  second  1 6  with  the  symbol  X.  For  a  thorough  study  many  sets  of  locations 
would  be  analyzed,  but  neither  funding  nor  time  would  permit  that.  Instead,  a  single  realis¬ 
tic  distribution  was  used.  The  first  16  locations  as  a  -.0  were  rejected.  Among  other 
reasons  were  ( 1 )  the  nearly  identical  coordinates  for  eluents  11  and  1 4  and  (2)  the  small 
effective  radius.  The  second  16  locations  were  used  for  all  random  arrays  and  are  shown  for 
unit  radius  in  figure  1 .  Arrays  studied  were  scaled  for  these  reference  dimensions  to  produce 
arrays  with  design  frequencies,  radii,  and  diameters  as  shown  in  table  3.  The  actual  coordi¬ 
nates  for  the  array  with  fp  =  50  Hz.  are  given  in  table  4.  Only  the  three  arrays  witli  design 
frequencies  of  50,  1  50,  and  300  Hz  were  studied  completely,  sonar  system  analyses  included. 
All  were  investigated  for  the  noise  gain  and  directional  characteristics  information  reported 
here. 
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ARRAY  NOISE  GAIN 


Array  gain  is  probably  the  most  important  array  characteristic,  since  detectability  is 
proportional  to  gain  and  higher  gain  also  improves  localization  (resolution).  Extensive  cal¬ 
culations  of  array  noise  gain  were  made  by  using  the  NOSC  PASS  computer  model  (ref  1  1 ). 
Array  signal  gain  was  not  considered  here.  Noise  was  assumed  to  be  either  vertically  direc¬ 
tive  or  isotropic.  (For  the  latter,  array  gain  is  called  directivity  index.)  Table  5  and  appen¬ 
dix  A  give  the  gains  for  arrays  in  the  vertically  directive  noise  field.  Tabulations  are  pro¬ 
vided  for  arrays  with  iso-opt  elements  and  those  with  omnidirectional  elements.  The  arrays 
and  the  directional  elements  are  steered  for  main-beam  response  at  <?s  =  45°  and  dg  =  90°. 
Appendix  A  is  a  detailed  listing  of  gains  with  iso  opt  and  omnidirectional  elements  as  well 
as  the  difference  ot  those  two  gains,  to  show  the  improvement  of  gam  due  to  the  use  of 
directional  elements. 

The  general  character  of  array  noise  gain  is  presented  in  figure  S  as  a  function  of  the 
relative  frequency,  f/fj).  The  data  are  displayed  with  separate  symbols  for  each  of  the  eight 
array  sizes.  Since  the  gains  were  computed  at  fixed  frequencies  and  the  design  frequencies 
range  from  25  to  300  Hz,  the  abscissa  values  exhibit  a  spread.  Nonetheless,  this  type  of 
presentation  is  very  effective  for  the  evaluation  of  general  trends.  The  gains  of  arrays  with 
omnidirectional  hydrophones  have  relatively  small  scatter,  approaching  the  10  log ]  q  (N) 
value  of  I  2  dB  for  frequencies  above  the  design  frequency  in  both  vertically  directive  and 
isotropic  noise.  For  arrays  with  iso-opt  hypercardioid  elements,  gains  scatter  significantly 
for  frequencies  above  0.5  fp>  for  the  vertically  directive  noise  but  the  scatter  is  small  for  iso 
tropic  noise.  For  both  noise  fields,  the  high-frequency  gains  approach  I  8  dB  (the  sum  of 
the  gain  due  to  an  array  with  16  independent  omnidirectional  elements  ( 1  2  dB)  and  the 
gain  of  an  iso-opt  hypercardioid  hydrophone).  The  smaller  arrays,  eg  with  fp;  =  300  Hz. 
approach  maximum  gain  at  a  lower  relative  frequency  in  this  vertically  directive  noise  field. 
The  improvement  due  to  the  use  of  iso-opt  hypercardioid  elements  varies  from  1  lo  6  dB. 

At  relative  frequencies  below  0.09  fp,  the  gain  due  to  the  simple  hypercardioid  is  more  than 
that  due  to  the  array.  The  effects  due  to  the  iso-opt  are  also  significantly  beneficial  for  fre¬ 
quencies  above  the  design  frequency 

These  results  lead  to  some  important  conclusions  relative  to  interelement  spacing  in 
array  design.  In  general  it  is  desirable  to  space  array  elements  so  that  the  pair  coherence  in 
expected  noise  fields  is  relatively  small.  Such  spacings  provide  nearly  maximum  gain  for  the 
array.  If  much  smaller  spacings  are  used,  the  array  gain  is  smaller  for  the  same  system  cost. 
To  reduce  cost,  it  is  necessary  to  use  the  minimum  number  of  elements  and  associated  elec¬ 
tronic  channels.  The  necessary  operation  over  a  band  of  frequencies,  however,  entails  some 
compromise.  These  relationships  are  summarized  in  table  6. 

For  omnidirectional  hydrophones,  the  array  gain  of  the  disc  is  within  I  dB  of  its 
maximum  (high-frequency)  value  for  interelement  spacings  of  0.~  to  0.8  wavelength,  for  all 
noise  directionalities  considered.  It  is  significant  both  that  the  spacing  required  is  smaller 
than  one  wavelength  and  Hint  the  results  are  valid  for  widely  different  noise  directionalities. 


II.  NOSC  Technical  Note  NUT  TN  I  7 5. 5.  Performance  Analysis  for  Surveillance  System  ( PASS).  User's 
Guide,  by  JL.  Hot rnockcl.  J\V  Aitkcnliead.  Jiul  LK  Arndt.  September  l°'n. 
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Rguie  8.  Noise  gains  lor  horizontal  disc  random  arrjys  with  omnidirectional  and  with 
iso-opt  h>  pcrcardioid  elements. 


Hr 


Noise  Directionality 

Vertically  Directive 


Hydrophone  Type 

Isotropic 

fD  =  300 

t u  =  1 00 

lD=  25 

Omnidirectional 

0.7 

0.8 

0.8 

0.8 

Iso-opt  hypercardioid 

2.0 

l.i 

2.0 

5.0 

1  d  X) 

(330) 

(200) 

<I2') 

Table  6.  Minimum  relative  interelenienl  spacing,  d  X.  to  achieve  array  gain 
within  1  tIB  of  maximum  (disc  arrays). 


The  results  may  be  signiticantly  different  if  iso-opt  hypercardioid  hydrophones  are 
used,  however.  For  isotropic  noise,  the  minimum  spacing  is  two  wavelengths.  For  vertically 
duedivc  i.oixc,  the  minimum  spacing  varies  from  1 .1  X  for  high-frequency  array  s  (  I'n  =  3001 
to  5  X  for  low-frequency  arrays  (tpy  =  25). 

these  are  important  observations.  The  higher-gain  arrays  using  directional  elements 
achieve  maximum  gain  at  wider  spacings.  This  effect  is  substantial  for  low-frequency  arrays. 
However,  mid -frequency  arrays  (I'd  =  300  Hz)  require  only  a  slightly  larger  spacing.  The 
product  fp  •  d.X  given  in  table  6  indicates  the  frequency  at  which  the  array  with  directional 
hydrophones  is  within  I  dB  of  maximum  gain.  This  is  330  Hz  for  an  array  with  Iq  -  300  Hz. 
I  25  Hz  for  an  array  with  fp  =  25  Hz.*  It  is  readily  apparent  that  arrays  must  be  inordi¬ 
nately  large  to  achieve  high  gain  at  low  frequencies,  much  more  than  one  might  conclude 
from  the  linear  relation  between  frequency  and  wave  number  (c  =  fX). 

The  improvement  of  gain  due  to  the  use  of  iso-opt  hypercardioid  hydrophones  is 
shown  in  figure  9  for  a  single  array  (I'd  =  I  50  Hz).  The  gains  with  omnidirectional,  cardioid. 
and  iso-opt  hypercardioid  hydrophones  are  given.  The  difference  between  the  array  noise 
gains  with  iso-opt  and  with  omnidirectional  elements  is  due  to  the  use  of  the  directional 
hydrophones  -  an  improvement  that  ranges  from  1  to  6  dB.  This  paper  does  not  consider 
the  hydrophone  self-noise  issues,  but  the  improvement  derived  by  the  use  of  directional 
hydrophones  must  offset  the  disadvantages  such  as  increased  self-noise  and  lower  resultant 
array  gain. 

The  gain  improvement  due  to  the  difference  of  iso-opt  and  omnidirectional  elements 
has  been  considered  above.  A  primary  issue  in  this  study  is  the  gain  improvement  due  to  the 
array.  I  his  is  illustrated  in  figure  I  0  for  the  array  with  !  [)  =  I  50  Hz.  The  gains  lor  an  array 
of  iso-opt  hydrophones  and  for  an  array  with  omnid iiectional  elements  arc  shown  Gains 
are  also  shown  for  a  single  iso-opt  hydrophone  alone  (from  data  in  table  2).  The  differences 
of  the  gain'  of  an  array  of  iso-opt  elements  and  those  of  a  single  iso-opt  hydrophone  repre¬ 
sent  the  improvement  due  to  the  array.  Although  the  improvement  is  less  than  the  array 
gain  with  omnidirectional  hydrophones,  it  is  significant  at  I  =  fjy  =  '  50  Hz,  the  improve¬ 
ment  of  9  dB  would  triple  the  sonar  range  in  a  cy lindrically  spreading  propagation  environ¬ 
ment.  Hven  so.  the  use  of  an  array  of  these  hydrophones  may  not  be  as  cost  effective  as  a 
widely  distributed  field  of  single  hydrophones. 

‘This  is  evident  also  when  Jala  are  pinned  us  in  the  next  lew  figures. 
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ARRAY  GAIN,  dB 


FREQUENCY,  Hi 


Figure  9.  Gains  tor  arrays  with  various  types  ot  hydrophones  in  vertically  directive  noise 

(N  -  1 0.  fD  =  150,0$  =  45°). 

The  effects  of  design  frequency  (ie  array  diameter)  are  shown  in  figure  1  1.  The 
curves  are  very  smooth  for  arrays  with  iso-opt  elements,  but  they  vary  more  with  frequency 
it  the  elements  are  omnidirectional. 

Almost  all  results  described  in  this  report  relate  to  random  disc  -'rays  steered  to 
tf  $  =  90°  and  <p$  -  45°,  ie  in  the  horizontal  plane  45°  from  the  x  and  y  :s.  Because  the 
locations  of  array  elements  as  shown  in  figure  7  were  deten,  ned  by  a  :  aiidom  number  gen¬ 
erator,  the  array  is  not  symmetrical.  The  gains  for  three  arrays  with  omnidirectional  ele¬ 
ments  are  shown  in  figure  I  2  for  <pg  =  0°,  45°,  and  90°.  Apparently  a  relatively  small  varia¬ 
tion  in  array  gain  versus  azimuth  exists  that  is  due  to  the  substantial  asymmetry  of  the  array. 
It  is  important  to  recall  that  the  noise  model  is  nondirectional  in  horizontal  planes.  That  is 
often  not  true  in  practice,  and  gain  can  change  with  azimuth.  Disc  arrays,  however,  have 
small  gain  changes  with  azimuth  even  if  they  are  random  arrays  as  illustrated  here. 
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ARRAY  GAIN,  (IB 


Figure  10.  Improvement  el  gain  due  to  the  array  in  vertically  directive  noise 
<N  =  16.  tD  =  I50.<?s  =  45°). 

All  of  t he  prior  results  apply  to  the  vertically  directive  noise  field.  The  gains  were 
also  calculated  for  isotropic  noise,  and  these  arc  listed  in  table  Since  the  differences  in 
gains  for  directional  noise  tsee  table  5)  and  isotropic  noise  arc  small,  these  data  are  picscntcd 
for  the  record  without  illustrations. 
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Figure  II.  Fliec'.s  ot  design  trcquciiv>  on  gain  in  verlicjIK  directive  noise. 
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Improvement  in  gain  due  to  iso-opt  elements 
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Table  7.  Directivity  indices  (UB)  tor  horizontal  disc  random  arrays 
in  isotropic  noise  i.N  =  16,  05  -  45v.  t) $  =  90''). 


DIRECTIONAL  RESPONSE  IN  HORIZONTAL  AND  VERTICAL  PLANES 


RESOLUTION 

Bearing  resolution  will  he  defined  in  terms  of  the  beam  \viuths  of  the  arrays.  To 
obtain  a  general  relationship  for  discrete  random  disc  arrays,  the  directional  responses  for 
solid  disc  arrays  will  be  derived. 

DIRECTIONAL  RESPONSE  OF  A  HORIZONTAL  SOLID  THIN  DISC 

The  normalized  directional  response  of  a  horizontal  thin  disc  is  given  by  the 
relationship 


where 

v  -  kaV 

(V)-  =  |sin  (d^)  cos  (0^)  -  sin  (d)  cos  (0)]  - 
+  (sin  (dgt  sin  (0g)  -  sin  <d)  sin  (0)!  -. 

For  the  half-power  beam  width, 

v'T 

p  =  —  —  =*  ka  V  =  ±  1 .61  6  34, 

so  that 

=  ±2  -616  34 
ka” 

±0.5  145 


with  the  diameter 
1)  =  2a. 

HORIZONTAL  BEAM  WIDTH  OF  A  SOLID  DISC 

For  the  horizon  al  beam  width. 


d 


V  =  2  sin 


±0.5145 


I"  view  °f  the  symmetry  of  the  two  solutions,  the  beam  width,  BW,  in  degrees,  is  as  follows 

BW  =  \<j>  -  0S| 

_  720  .  To. 51451 

'T«  h?J' 


so  that 


BW  =  229. 1 8°  sin”1 

[(f)  J 

If  the  disc  is  sufficiently  large, 

Ru  *  58.96° 

(?)  ' 

This  beam  width  is  similar  in  form  to  that  of  an  unshaded  linear  array  except  that  it  is  about 
15  r  broader  because  of  the  inherent  spatial  shading. 

It  the  disc  is  steered  vertically,  the  horizontal  beam  width  solution  is  of  nearly  iden¬ 
tical  form 

d  =  ds 

V  =2  sin  (d$)  sin  [  (d  -  dg)  2) 

BW=^°si„-i  f— 1 


2rr  It)  sin  <0s) 


and,  for  large  — , 

A 


(?) sm 


VERTICAL  BEAM  WIDTH  OF  A  SOLID  DISC 


(  onsider  the  vertical  beam  width  where  the  disc  is  steered  t 


o  the  proper  azimuth  so 


0  =  <t>§  and  V  =  ±(sin  0  -  sin  0^). 


Let  us  define 


ot |  =  sin  0£  +  0.5 1 45/(D/X) 


a~i  -  sin  0g  -  0.5  1 45,  (D/A), 

so  that  beam  width  is  given  by  the  relationships 
B\V  =  siii-*  ( q | )  —  sin-'  (a-d  (if  0|  <  1.0) 

BW  =  n  -  2  sin-'  ( <a -. )  (if  Qj  >  1.0) 

and  the  beam  width  doubles  to  its  maximum  value,  BWmuX,  asaj  passes  through  unity,  where 
BWmax  =  4  sin-1  x/ 0.5 1 45  (D  X) 


BWmax“4cos  Vsinds. 

Two  simple  equations  can  he  obtained  if  the  disc  is  large.  When  the  steering  is  relatively  hori¬ 
zontal  or  near  edge-fire  (0$  *  tt,  2),  then 

lorta„(H),ai„„s,>1 

V  7  Si"#s 

When  the  steering  of  the  disc  is  nearly  vertical  or  near  broadside  (0$  *=  0).  then 


/BW\ 

(—)  tan(0s) 


58.d5-; 


I  BW 

i  ~t~  tan  0c  <  1 . 
4  J 


Disc  arrays  employed  with  edge-lire  operation  have  been  of  interest  to  NOSC  for  years. 
Directional  responses  such  as  the  e*i  ■e-fire  beam  width  have  been  reported  (ref  6,  !  2). 

HORIZONTAL  BEAM  WIDTH  FOR  HORIZONTAL  DISC  RANDOM  ARRAY 

In  horizontal  planes,  the  directional  response  ot  an  array  of  N  omnidirectional  ele¬ 
ments  is  as  follows 


.•X 

„  _  1  ST  ik  i  x(fc)|cos  (0)-eos  (0c) | +y(t)| sin  (0)-sin  (0e) |  i 

pHOR  -  n  Z  C  ’ 


I  2.  Available  In  qualilied  reqikslnrv. 


where  x(C)  and  y(H)  are  the  coordinates  of  the  £th  element  of  the  array  located  in  the  hori¬ 
zontal  (z  =  0)  plane.  The  responses  were  computed  near  the  main-response  axis.  Half- 
power  beam  widths  were  determined  by  recognizing  that 

DB  =  1 0  logj  0  (IPHOR^ 

<*  (0-0 s)2- 

We  form  estimates  for  4>  such  that 


anu 


BW 


.0  _  BW 


A  very  useful  estimator  is  given  by  the  following  relationship: 

*r.  =  H +  - *s'  \/wj^ snXoioT) . 


(n  =  1  or  2) 


Multiple  iterations  may  be  required  for  sufficient  precision.  The  beam  width  is  given  by  the 
relationship 


BNV  -  0|  -$2- 


The  resultant  beam  widths  for  the  16-element  random  arrays  are  presented  in  table  8. 
The  beam  widths  are  also  given  for  the  random  arrays  with  cardioid  and  iso-opt  elements. 
Even  though  the  beam  widths  vary  appreciably,  the  product  of  beam  width  and  frequency, 
as  theory  predicts,  is  nearly  constant  except  at  low  frequencies.  Using  the  design  parameters 
for  the  arrays  and  the  solid-disc  beam  width  equation  leads  to  the  theoretical  relation  fora 
solid  disc, 

which  agrees  well  with  the  reported  random-array  results. 

VERTICAL  BEAM  WIDTH  FOR  HORIZONTAL  DISC  RANDOM  ARRAY 

In  vertical  planes,  the  directional  response  of  an  array  of  N  omnidirectional  elements 
is  given  by  the  relationship 

N 

_1  \'  i k |  x(t)  cos  (0c)  +  y(fc)  sm  (<£c)|  1  sin  id )  —  si n  (d c) | 

J\  i.rt“n  2L  c 
(=1 

Half-power  beam  widths  were  determined,  based  upon  the  approximation  that 

10  log  10  (IphorI2)  -  0(0  -  ds|4' 
where  0  is  a  constant  to  be  determined 
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Table  8.  Horizontal  beam  widths  tor  horizontal  disc  random  arrays 
(N  =  16.  <Z>S  =  45°.  dg  =  90°). 


An  iterative  method,  similar  to  the  horizontal  beam  width  technique,  was  used  lot  the  verti¬ 
cal  beam  width  calculation. 

The  resultant  beam  widths  tor  16-element  random  arrays  are  presented  in  table  6. 
The  product  ot  the  beam  width  and  the  square  root  of  the  relative  frequency  is  nearly  con¬ 
stant,  in  agreement  with  the  theory  for  the  solid  disc,  which  indicates  the  following: 

Bw/fTp  =  54.71°. 

Some  of  the  beam  widths  are  sufficiently  narrow  that  the  signal  loss  will  he  significant  for 
many  target  ranges.  The  vertical  beam  widths  for  the  arrays  with  high  design  frequency  are 
broader  than  those  of  the  arrays  with  lower  design  frequencies.  Thus  the  signal  loss  will  be 
more  pronounced  for  larger  arrays  with  lower  design  freqe-ncics.  These  signal  loss  effects 
can  be  eliminated  by  steering  the  arrays  vertically  to  accommodate  the  signal  arrivals  of 
interest.  The  thin  disc  will  have  up-down  symmetry,  so  that  vertical  steering  produces  down 
ward  and  upward  beams  that  intercept  both  kinds  of  signal  (and  noise  I  arrivals. 
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Table  9.  Vertical  beam  widths  for  horizontal  disc  random  arrays 
(N  =  16,  <£>s  =  45°,  #s  =  90°). 

HORIZONTAL  DIRECTIONAL  RESPONSE  FOR  HORIZONTAL  DISC  RANDOM 
ARRAY 

The  directional  response  in  a  horizontal  plane,  P^joR'  can  he  calculated  for  all  azi¬ 
muths.  Several  sets  of  these  responses  are  presented  here  to  illustrate  the  general  character 
of  the  patterns,  including  the  sidelobe  levels. 

The  change  of  directional  response  with  frequency  is  shown  in  figure  13.  Since  all 
arrays  arc  proportional  in  dimensions,  patterns  for  all  arrays  are  the  same  for  equal  relative 
frequencies,  f  f|).  Results  are  illustrated  for  three  values  of  relative  frequencies:  0.5,  1 .0, 
and  2.0.  The  beam  width  is  about  inversely  proportional  to  frequency ,  as  discussed  above. 
The  sidelobe  levels  arc  relatively  poor  for  arrays  with  omnidirectional  elements,  but  the 
results  arc  typical.  Random  arrays  generally  have  mean  sidelobe  levels  of -10  log|Q  (N), 
which  amounts  to  -1  2  dB  tor  arrays  of  1  6  elements.  The  backward  responses  arc  improved 
substantially  by  the  use  of  cardioid  and  iso-opt  directional  hydrophone  elements,  but  the 
foiward  responses  arc  nearly  unaffected  by  change  of  element  directionality.  In  general,  the 
directional  discrimination  of  these  unshaded  arrays  is  much  superior  to  that  ot  a  single 
hydrophone  but  sufficiently  inadequate  that  false-target  problems  could  result  from  off- 


axis  sources. 


(a)  OMNIDIRECTIONAL  ELEMENTS 


Fipurc  13.  Horizontal  directional  response  of  16-elcincn!  horizontal  d 


The  50  Hz  directional  responses  of  three  arrays  with  design  frequencies  of  50,  1  50, 
and  300  Hz  are  shown  in  figur®  14.  Many  of  the  observations  are  similar  to  those  concerning 
figure  13.  The  larger  arrays  with  lower  design  frequencies  (and  higher  noise  gain)  exhibit  the 
greater  directional  discrimination. 

Figures  15  and  16  show  the  150  Hz  and  300  Hz  directional  responses,  respectively. 
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figure  1 4.  I  lori/oulal  directional  response  ol  liori/onial  disc  random  arrays,  f  =  50  H/. 
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Figure  15.  Horizontal  directional  response  ufliori/urital  disc  random  arrass,  f --  150  H  / . 
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CONCLUSIONS 


One  class  of  disc  array  with  16  randomly  located  elements  has  been  investigated.  In 
both  vertically  directive  and  isotropic  noise  fields,  array  noise  gain  results  are  similar.  There 
is  a  significant  (3  to  6  dB)  improvement  of  array  gain  due  to  the  use  of  limayon  directional 
hydrophones  in  the  arrays  operated  at  frequencies  for  which  the  mean  interelement  spacing 
exceeds  one  wavelength  or  is  less  than  0.1  X.  Noise  gain  is  presented  for  a  wide  range  of 
frequencies  so  that  the  undersampled  and  oversampled  cases  are  documented  well. 

It  was  shown  that  arrays  with  directional  elements  have  nearly  maximum  gain  with 
average  interelement  spacing  of  about  1  wavelength  if  the  design  frequency  ifp)  is  300  Hz. 
but  5-wavclength  spacing  is  required  if  I'd  is  35  Hz. 

The  improvement  due  to  the  use  of  an  array  of  16  iso-opt  hypercardioid  elements 
compared  to  the  use  of  a  single  directional  element  alone  was  evaluated,  The  improvement 
is  a  few  dB  less  than  the  gain  of  the  array  that  uses  omnidirectional  elements. 

The  horizontal  disc  array  has  nearly  constant  gain  with  azimuth,  even  though  there 
is  a  substantial  asymmetry  of  element  locations.  This  observation  is  useful  in  both  detec¬ 
tion  (gain)  and  localization  (resolution)  considerations. 

The  directional  responses  of  random  disc  array  s  wore  considered  in  several  aspects. 
The  beam  widths  in  both  horizontal  and  vertical  planes  were  shown  to  approximate  those 
of  a  solid  horizontal  disc.  The  vertical  beam  width  is  much  wider  than  the  horizontal  beam 
width  for  the  edge-fire  disc.  Large  disc  arrays  such  as  those  with  a  design  frequency  of 
50  Hz  will  have  a  significant  negative  signal  gain  for  signals  arriving  at  angles  typical  of 
many  realistic  environmental  conditions.  Their  gain  can  be  boosted  by  the  use  of  vertical 
steering. 

The  directivity  patterns  have  relatively  high  average  sidelobe  levels  of  about  -I  2  dB. 
but  this  is  to  be  expected  lor  random  array  s  with  16  elements. 


RECOMMENDATIONS 

Consider  the  horizontal  disc  array,  including  the  random  form  discussed,  for  possible 
applications.  Investigate  lobe  suppression  with  regular  finite  disc  arrays.  Investigate  ocean 
engineering  of  both  regular  and  random  discs. 
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1  •  1  1  1  1 

50.0 

15.39 

11,29 

9.10 

15.78 

11.60 

9.18 

250,0 

300.00 

.8333 

37.5 

19.67 

10.97 

3.70 

19.93 

11.17 

3.76 

DB 

DB 

DB 

DB 

P  B 

DR 

r 

FO 

f/fd 

rad 

I  Sp-OPT 

OMNj 

D  1  FF 

iso-opt 

OMNJ 

P  IFF 

300.0 

25.00 

12.0000 

950.0 

17.85 

1  1  .  9H 

5.91 

17,69 

11.93 

5,7  1 

300,0 

50 .00 

6 ,  OOoO 

225.0 

17,80 

11.90 

5.90 

17.70 

11.90 

5.72 

300.0 

75.00 

.0000 

150.0 

17,59 

11.79 

5.75 

1  7.95 

11,89 

5.61 

300,0 

100.00 

3 . 0000 

112.5 

17,52 

1  1  .  P7 

5.65 

17.92 

11.87 

5.55 

300,0 

125,00 

2.  MOOO 

90.0 

17.22 

11.66 

5,56 

17,12 

11.79 

5.38 

300.0 

150.00 

2.0000 

75.0 

17,12 

11.93 

5.|9 

17.07 

12.06 

5,01 

300.0 

225.00 

1  .  3333 

50.0 

1  6.11 

11.95 

9 ,96 

16.23 

11.39 

9 .89 

300.0 

300.00 

1 . 0000 

37,5 

15.7  1 

11.96 

9 .25 

15.59 

11.61 

3.93 

DB 

DB 

DR 

DB 

DB 

DB 

F 

FD 

f/f  0 

RAO 

1  SO-OPT 

OMNI 

DIFF 

I SO-OPT 

OMNI 

D  IFF 

600,0 

25.00 

2*I.OOoO 

950.0 

18,35 

12.10 

6.25 

17,72 

12,03 

5,69 

600.0 

50.00 

12.0000 

225.0 

1  B.  29 

11.99 

6 .25 

17.63 

11.93 

5,70 

600.0 

75,00 

8.0000 

150.0 

18.36 

12,22 

6.19 

17,70 

12.15 

5.55 

600.0 

100.00 

6  •  0000 

112.5 

18.32 

11.99 

6.33 

17.70 

11.99 

5,7  1 

600,0 

125,00 

H.flOoO 

90.0 

17,89 

11,78 

6,06 

17,20 

11.80 

5,90 

600  ,  0 

150.00 

M.OOOO 

75.0 

18.11 

11.83 

6 .28 

17.95 

11.89 

5,61 

600,0 

225.00 

2.6667 

50.0 

17,98 

12.07 

5.9  1 

17.27 

11.97 

5.30 

600,0 

300 • 00 

2 « 0000 

3  7.5 

17.78 

11.98 

5,80 

17.07 

12.06 

5.01 

APPENDIX  B:  PROGRAM  FOR  GENERATION  OF 
COORDINATES  OF  RANDOM-ARRAY  ELEMENTS 
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1 

2 

5 

4 
c 

J 

t 

7 

5 

I  c 

I I 

1  2 
1  3 
1  4 
1  S 
Id 
1  7 
1 » 
1  4 

4-  L 

„  1 

i  2 
Z  3 
t4 
1  5 
Z  t 
Z  7 

1  «■ 
Z  4 

.'1 

.2 

3  3 

34 

45 
:•  t 
37 

2  h 
2  4 
*•  C 
*■  1 
-2 
a  3 

L  4 

4  5 
4  t 
4  7 
4  4 
4  4 

r  f 

r  1 

1  2 
<  , 

:  4 

t  5 
•  < 


C  COrtPuTt  CLEMENT  LOCATIONS  FOR  aANQOM  ARRAYS  BY  RL  HESSER 

c  •**  this  fgm  only  for  circular  arrat*** 

c  In  AT  PlANF,  IE,  INCOMPLETE.  *** 

c 

DIMENSION  X  (1 00) . Y <  1  CO ) , Z (1 lC) 

c 

kfcAO(5,1CC1>  IC5,lt,EKSU,RAD,IGfPx 
«NITE(d,n0e)I£S,l£,£M5D,RAD,lG,RA 

•  RITE  (  C  ,  10  Z>4  ) 

•  RITE  <  C  , TO  C2  ) 

DO  10  I =1,1  CO 
A( I )«C. 

1  (  I  )  =  w. 

2(1  )  =  C  • 

1f  CONTINUE 


c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

t 


5r 


c  7  5 
C 

7  > 


1  C  S  =C  UO  R  D  IN  ATE  SYSTEM 
A  =1 
Y  =  2 
2=3 

A  Y  =  4 

xz=s 
Y  2  =5 
A  YZ  =7 

i E  =N  0  CF  ELEMENTS 

E"SD=M1N1MI!M  ELEMENT  SEPARATION  DISTANCE 

P  A  D  =R  A  0  JUS  OF  CIRCLE, SIDE  Of  SQUARE  .SHORTEST 
SIDE  OF  PtC TANGLE , MINOR  AaTS  OF  ELLIPSE 

1  G  =G  t  0  M  E  TRY 

CIRCLE  =1 
SQUARE  =2 
RECT ANCLE=3 
i LL I H  S  t  =4 

I  FCIG.G  I  .  c  )  P  E  A  D  (5,  Kv1)]RAD2 

JRADc =eONGE S ?  SIDE  CF  REtTANuLE  OR  MAJOR  AXIS 
CF  ELLIPSE 

hZ  =  FLUAT(ICSME*IG)M(EMS0/RAu)4.5)AR* 

EMSD  =  EMSD<1  .41421  3St 
DO  ICO  1  =  1  #  1 E 

iF  ((ICS  .NE.  4)  ,0k.  (1G  .NE,  1))  GO  TO  10Z 
CALL  SS 1  (  RZ  ) 

A  (  I  1  =  (  R  2  ♦  R  7  -  1.0  *  h  A  i; 

CALL  SS 1  (  RZ  ) 

Yd)  =  (  R  2  ♦  RZ  -  1  .  C  )  *  RAD 

IF  (EMSL'  .El.  C.U)  GO  TO  75 

IF  (I  . U  T .  1)  call  C SD ( I  ,*  ,  Y  ,2 , EMSD  ,  J  ) 

IF  (1  .ul.  1)  Call  C  MD  (  1  ,  A  ,  Y  ,2  ,  R  ad  ,  R  ,  J  ) 

IHF  subroltine  *a s  changed  also. 

CALL  CMD (  i( 1) , Y { 1  )  ,  2  (i ) , R AD  ,  R  ,  J  ) 

IF  (J  ,GT.  C)  GO  TO  cC 
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17  -RITE  it  ,  10  C3  >  1,X(1),  Y(I),  /  (  1  >  •  fit  RAD 

S3  C  £  -RITE  (lui  1CC3 )  1 ,  X (  1  ), Y(  1)  ,2  (1  ) 

SS  IOC  CONTINUE 

C  -RITE  (10,1  COS)  (  X  ( L  )  >  L  =  1  ?  ,  3  l  ) 

M  -RITE  (1C.1C06)  (  V  ( L  )  ,  L  =  1?,?2) 

'2  -RITE  (  10  ,1007)  (Z(L),  L  *  17,3,;) 


(  3 

1CC1 

F OR  MAT 

(  ) 

it 

ICOc 

FORMAT 

(21  X  , 

‘L',7X,‘'x(L)‘',7X,'y(L)',2x,'7(L)‘’,Sx,'R',7x,^PAD' 

t  5 

1  CO  3 

f  OR  MAT 

(18X  , 

I 4  ,  2 (2  X ,  F9.2 >  ,Ft.2  ,tF9,2) 

c  6 

ICC  ^ 

FOR  MAT 

(//) 

t  7 

icos 

FORMAT 

('x  = 

',  4FlJ.4t2  (./'*  ',4f 1u.4)) 

t  s 

IcCt 

FO- MAT 

( 'y  = 

',  4  F  10.4, 3  (/'*  4  FI  l.4 )  ) 

tC 

ICC  7 

FORMAT 

(  '7  = 

',  4f  It. 4,  iif'*  ',4F1C.4)> 

7: 

ICO  o 

F  OH  MAT 

(  '  1C 

S=',  12,  2  X  ,  '  I  E  =  '  ,  1?,  2  X  ,  'EM  S  o=  '  ,  f4  .  1  , 

71 

K 

2  A  , "R  AO  ="  , 

*7.2,  xX,  "*  IG  = '' ,  1 1  ,  2X,  'RX=',FS.1  ) 

72 

END 

1  SwbROUTlIiE  CKO  (  x  ,r  ,2  ,  PaO,  P  ,  J  ) 

2  J  =  - 1 

!  R  -SORT (X**t*T**2) 

4  1  f  (R.GT. RAC)  J  =  1 

5  RETURN 

t  L  i,  D 


1 

2 

1 

4 
c 

j 

A 

V 

7 

e 

5 
1C 

11 

12 

1 3 

14 


i  U  H  A  0  U  T  J  N  t  CSD  (  I  ,  A  ,  Y  ,Z  ,E  KSD  ,  J) 
DIMENSION  X(IOC),  Y(1C0),Z(KC> 
J  =  -1 
A  =  1  -1 

00  IOC  E  =  1  ,  A 
AI  =  X ( I ) -X  (L  ) 

TI  =  T  (  1  )  -  Y  (L) 

U  =  SORT(Xl*«2*ri**2) 
if (21 ,lfc . EM  SO )  00  TO  cCO 
1 uO  CONTINUE 

re  tor  n 

rco  j=i 

RETURN 

E  NO 
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INPUT  PARAMETERS  TO  APPENDIX  B  PROGRAM  USED  TO  OBTAIN  RANDOM 
ARRAY  LOCATIONS 


ICS 

4 

Horizontal  planar  array 

IE 

32 

Elements 

EMSD 

0.0 

Minimum  separation 

RAD 

1.0 

Radius 

1G 

1 

Circular  an  ay 

RX 

10 

Random  number  parameter 
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